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SUMMARY / 3 / w  
The i n i t i a l  c r i t i c a l i t y  and subsequent low-power tests of the NASA Plum 

Brook Reactor core a r e  described. Results of control-rod cal ibrat ions,  f l u x  
mapping, and other measurements a re  given. 

The minimum c r i t i c a l  s i z e  core w a s  found t o  consis t  of 11 elements i n  a 
3 X 3 + 2 l a t t i c e  containing about 1.78 kilograms of uranium 235. The cold 
clean 3 X 9 core with 168-gram elements had a31 excess r e a c t i v i t y  of 12.0 per- 
cent.  
control  rods w a s  measured t o  be about 2 percent r e a c t i v i t y  per inch, and the 
t o t a l  worth of each automatically controlled regulat ing rod w a s  not more than 
0.6 percent r eac t iv i ty .  

The maximum d i f f e r e n t i a l  r e a c t i v i t y  worth of the  bank of f i v e  fueled shim- 

The reactor  temperature coef f ic ien t  w a s  an average of -0.0075 percent reac- 
The void coef f ic ien t  w a s  -0.25 per- t i v i t y  per OF over the range 70' t o  170' F. 

cent r e a c t i v i t y  f o r  each percent moderator void, f o r  up t o  8 percent totalmoder-  
a t o r  void. 

Thermal neutron flux t raverses  of the  core indicated the highest  f luxes t o  
be i n  elements LB-6, IC-6, and LD-6, and tha t  the  f lux  peaking increased about 50 
percent as the rods w e r e  inser ted halfway in to  the  core. The r e l a t i v e  d is t r ibu-  
t ions and the magnitudes of the fluxes were a l so  determined, both i n  the core and 
outside the core. 

Gamma heating measurements were made, and some of the results are shown. 

INTRODUCTION 

The Plum Brook Reactor i s  a 60-megawatt MTR-type t e s t ing  reactor  located a t  
the NASA Plum Brook Station, ne= Sandusky, Ohio. The reac tor  f a c i l i t y  w i l l  be 
used f o r  the  invest igat ion of materials and components f o r  application i n  space- 
c r a f t  u t i l i z i n g  nuclear energy. The tes t  f a c i l i t i e s  include beam-tube and 
through-hole f a c i l i t i e s  for i r r ad ia t ion  experiments; a complete hot laboratory 
is a l s o  p a r t  of the  f a c i l i t y .  
l i shed  NASA report ,  the  "Final Hazards Summary, Plum Brook Reactor Fac i l i ty , "  
by A. B. Davis, B. Lubarsky, and T. M. Hallman, December 1959 (vols .  1 and 3).  

The f a c i l i t y  is described i n  detai l  i n  an unpub- 

The reactor  is the  main research t o o l  of the  f a c i l i t y .  The reactor  core 
( see  f i g s .  1 and 2 )  consis ts  of a 3 X 9 l a t t i c e  of MTR-type f u e l  elements, 



cooled and moderated by l i g h t  water a t  an i n l e t  pressure of about 160 pounds per 
square inch absolute. The cooling is by forced circulat ion,  w i t h  heat given up 
t o  a secondary system. Total  i n i t i a l  core loading is  4.4 kilograms of uranium 
235 i n  a volume of about 100 l i t e rs ,  and the  design power l e v e l  i s  60 megawatts 
of thermal power. 

The reactor  w a s  taken c r i t i c a l  f o r  the  f irst  time on June 14, 1961. During 
the  next severa l  months a se r i e s  of t e s t s  w a s  performed a t  power leve ls  below 
500 watts and without coolant flow or pressurization t o  determine the nuclear 
charac te r i s t ics  of the  reac tor .  These tests included the i n i t i a l  c r i t i c a l i t y ,  
control-rod cal ibrat ions and other r e a c t i v i t y  measurements, and thermal neutron 
f l u x  mapping of the core and the  r e f l ec to r .  

This report  describes the  t e s t i n g  that w a s  done. Not a l l  the r e s u l t s  are 
included here, but the  more s igni f icant  ones are described. 
cussed i n  approximately the sequence i n  which they were performed, except t h a t  
they are divided in to  two major sections, w i t h  r eac t iv i ty  measurements i n  one 
sect ion and f l u x  measurements i n  the  other.  

The tests a r e  ais- 

DESCRIPTION OF KFACTOR CORE 

The operating core consis ts  of a 3 X 9 l a t t i c e  of uranium-aluminum f u e l  
elements. The f u e l  elements have 168 grams of uranium 235 each and consis t  of 
f u e l  p la tes  with uranium - aluminum a l l o y  f u e l  cores of 16 weight percent uranium 
a t  93-percent enrichment. The f u e l  core i n  each p la te  i s  0.020 inch th ick  by 
2.45 inches wide by 23.1 inches long and i s  clad by 0.020 inch of 1100 aluminum 
a l loy .  
18 p la tes  per element w i t h  a center-to-center spacing of 0.175 inch. 
are brazed in to  aluminum sideplates ,  which form two sides of an element. The 
end fuel p la tes  form the other two sides. 
mately 3.1 inches and the average metal-to-water volume r a t i o  of the  fueled core 
is a b m t  0.75. 

The p la tes  a r e  curved f o r  s t rength  with a 6-inch radius, and there a re  
The p la tes  

The p i t ch  of t he  l a t t i c e  is  approxi- 

The control-rod locations i n  the  core have water-f i l led cadmium box sections 
that are removed by being driven upward. 
the core. The cadmium sections i n  the  fueled core have removable fueled 
followers, which are s imi la r  t o  the regular  elements except that they have only 
1 4  fuel p l a t e s  and contain approximately 131 grams of uranium 235 each. 
end p la tes  a re  unfueled, and the  two center p la tes  a re  replaced by a t i e  p l a t e  
used t o  engage or disengage the two sections of the rod. 
r e f l e c t o r  have beryllium followers. 

All dr ive equipment is  located below 

The two 

The control  rods i n  the 

Eight of the 10 cont ro l  rods a re  driven by e l e c t r i c  motors. Gravity s c r m  
The regulat ing rods a t  LA-2 and LA-10 ( f i g ,  2) a re  moti- act ions are provided. 

vated by hydraulic systems and are used f o r  automatic control.  

A s  can be seen i n  f igure  2, the  core is ordinar i ly  t o  be a 3 x 9 l a t t i c e ,  
w i t h  beryllium pieces i n  the  L4 column and i n  rows 1 and 11. 
r i g h t  i n  the f igure  i s  a l s o  composed of beryllium pieces, with a l a t t i c e  p i tch  
of about 4.3 inches. A large horizontal  through-hole t es t  f a c i l i t y ,  HT-1, goes 
through t h i s  l a t t i c e .  

2 

The l a t t i c e  a t  the 

There are addi t ional  t e s t  f a c i l i t i e s  a t  the  north and 



I south faces of the core. The cooling water enters  a t  the bottom of the tank and 
passes upward around and through the la rger  r e f l e c t o r  and thermal shields;  then 
the water passes downward through the 4 X 11 l a t t i c e .  

' 

Additional instrumentation had t o  be used f o r  the low-power tests t o  give 
I su f f i c i en t  accuracy a t  the f lux  leve ls  involved. Two BF3 counting tubes were in- 

The operation of the reac tor  is t o  be with beryllium rods withdrawn, and the  
f u e l  shim rods i n  a bank t o  control.  
drawn, the other used f o r  automatic control.  Experiments w i l l  be placed i n  €IT-1 
and HT-2, i n  removable cy l ind r i ca l  plugs i n  the beryllium pieces, and i n  the beam 
tubes. However, f o r  the la-i-power t e s t s ,  the horizontal  beam tube and through- 
hole f a c i l i t i e s  were f i l l e d  with water, except when measurements of the react iv-  
i t y  worth of these f a c i l i t i e s  were being made. 

One of the regulat ing rods w i l l  be with- 

REACTIVITY ME2l-S 

The purpose of the  r e a c t i v i t y  measurements was t o  determine the e f f ec t s  of 
system components on the nuclear behavior of the  core. This was necessary t o  
provide information f o r  use i n  operation of the reac tor  and t o  ve r i fy  the values 
of r e a c t i v i t y  coef f ic ien ts  t h a t  were used i n  hazards analyses of t he  reactor .  

~ 

The following discussion first describes the  buildup t o  the  i n i t i a l  c r i t i c a l  
configuration, and the loading from that configuration t o  the operating 3 X 9 
l a t t i c e ;  then the control-rod ca l ibra t ions  a re  described. Finally, t he  s t a t i s t i -  
ca lwe igh t  mapping and the  temperature and void coef f ic ien t  measurements a r e  

I given. 

I n i t i a l  C r i t i c a l i t y  

After t he  spec ia l  low-level instrumentation had been checked out for indica- 
t i o n  of neutron f l u x  a t  source leve ls  i n  the core without fue l ,  the  core was pre- 

1 pared f o r  the i n i t i a l  minimum c r i t i c a l  assembly. 

The core was loaded i n  s teps .  I n  the f i rs t  step,  LC-2, LC-3, and LC-4 were 
inserted; then LB-3 and LD-3 were added. After that  one element was added a t  a 
time. A t  each s t e p  the mult ipl icat ion of source neutrons was measured over the  
fill t r a v e l  of t h e  cont ro l  rods. 
pieces a t  each s tep .  (The pieces from the 4 x 11 l a t t i c e  a re  interchangeable. ) 
Figure 3 shows the  order of addition of elements, the f i n a l  configuration f o r  the  
minimum s i z e  c r i t i c a l  core, and the  locat ions of spec ia l  instrumentation. 

The core was kept surrounded by beryllium 
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The inverse mult ipl icat ions f o r  each channel are shown i n  f igure  4. The 
values shown are those f o r  the  all-rods-out case. The curves indicate  a minimum 
c r i t i c a l  loading of about 1715 grams. 
was a 3 X 3 + 2, as shown i n  f igure  3. 
determined t o  be about 0.50 percent 
rods.  
beryllium plug, the excess r e a c t i v i t y  increased t o  about 1.0 percent. 

The smallest core capable of c r i t i c a l i t y  
The excess r e a c t i v i t y  of t h i s  core w a s  

from period measurements on the  shim &/k 
When the BF3 counting tube was removed from LA-5 and replaced with a 

Neutron f lux  measurements were made t o  determine the  approximate power l e v e l  
of t he  core f o r  power ca l ibra t ion  of the low-level instrumentation. The core w a s  
then loaded t o  the  operating 3 X 9 configuration. 
pleted a t  a time, and measurements of the  w i t h d r a w a l  of fueled control  rods mov- 
ing together as a bank t o  give c r i t i c a l i t y  were conducted f o r  each row. Figure 5 
shows the  c r i t i c a l  bank height as  a function of core loading. 

One row of elements w a s  com- 

The rod posi t ions discussed i n  t h i s  report  a r e  given i n  a l l  cases as indi-  
cated rod posi t ion in inches. 
core bottom is l e s s  than t h i s .  The fuel  i n  a control  rod is even with the rest  
of the core when the  rod is a t  an indicated 30.9 inches. The f u e l  cores are 
2 3 . 1  inches long, and there  is a 2.2-inch w a t e r  gap above the fuel core in the 
rods. Therefore, the cadmium withdrawal from the f u e l  core bottom i s  5.6 inches 
less than the  indicated rod posi t ion.  

Actually the  cadmium withdrawal from the fueled 

Control-Rod Calibrations 

The cont ro l  rods i n  the  core were ca l ibra ted  by two d i f f e ren t  methods. The 

The 
f i rs t  consisted of measurements of c r i t i c a l  bank height on the  f u e l  shim rod bank 
f o r  the core with d i f f e ren t  amounts of uniformly d is t r ibu ted  na tura l  boron. 
second method w a s  the  rod bump-period technique, done i n  the  core with severa l  
d i f f e ren t  boron loadings. 

The na tura l  boron w a s  i n  the form of boron-impregnated polyethylene s t r i p s .  
These were of a s i z e  0.050 inch thick by 0.95 inch wide and of such a length t h a t  
one end j u s t  reached the  core bottom while the  other end w a s  at tached t o  an alu- 
minum holding piece r e s t ing  on the  top of t he  f u e l  plates .  
s t r i p s  w a s  approximately 1.0 weight percent na tura lboron ,  giving a therrnal cross 
sect ion of 6.20LO.20 ern2 (Maxwellian) per s t r i p  over the  ac t ive  core length, as- 
suming a thermal cross sect ion of 762 barns per atom a t  2200 m/sec f o r  boron 
(ref. 1). 
and by danger coef f ic ien t  measurements i n  an unreflected cy l indr ica l  c r i t i c a l  
assembly a t  the Lewis Research Center. 

The loading of the 

The boron content of the s t r i p s  w a s  ve r i f i ed  by ana ly t i ca l  chemistry 

The r e a c t i v i t y  worth of the  s t r i p s  when d is t r ibu ted  among the  coolant chan- 
ne ls  i n  the  fuel  elements was computed from the  expression 

(Symbols are defined i n  appendix A, and t h e  derivation of this expression i s  
given i n  appendix B.)  The self-shielding of the s t r i p s  w a s  determined by a f lux  
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perturbation c e l l  calculat ion using a one-group one-dimensional approximation t o  
the thermal f lux.  This indicated a 3- t o  &percent reduction i n  the e f fec t ive  
cross sect ion of the boron, depending on the  number of' s t r i p s  i n  the  core. 

The c r i t i c a l  bank height of the fuel shims was measured w i t h  d i f f e ren t  nun- 
bers of s t r i p s  i n  the core. The r e s u l t  of t h i s  measurement i s  shown i n  figure 6, 
which i s  a p l o t  of p against  H by t h i s  method. The number of s t r i p s  used 
ranged from zero (clean core)  t o  250. 
c r i t i c a l  with a l l  rods out when about 188 s t r i p s  were i n  the core. 

It 'Jas found that the  core would be j u s t  

In  the  rod-bump period measurements, : react ivi ty  was re l a t ed  t o  period by the 
in-hour equation (ref.  2, p. 301). 
cents'' form, which gives r e a c t i v i t i e s  i n  units independent of the  delayed neutron 
f r ac t ion  : 

This ep .a t ion  w a s  used i n  the  "dollars-and- 

I A value of 0.0064 w a s  used f o r  the delayed neutron fraction ( r e f .  3). The e f f ec t  
of t h e  greater  leakage of prompt neutrons from the reactor  w a s  corrected for by 
use of an "effect ive delayed neutron fract ion,"  which was calculated by two-group 
theory t o  be 1.15 times the delayed neutrcn fract ion,  t h a t  is, 0.0075. No cor- 
rec t ion  w a s  made f o r  the  contribution of d.elayed photoneutrons, as t h e i r  e f f ec t  
was believed t o  be small f o r  t h i s  system ( r e f .  4 ) .  The results j u s t i f i e d  the  

' assumption, as w i l l  be seen. 

The measurements w e r e  performed by placing the reactor  c r i t i c a l  with the 
fuel shim rod bank l e v e l  and then bumping the bank out a given amount and record- 
ing the flux on the  log N char t  f o r  a numller of e-folding times. 
then determined from the  log N t race.  
protractor"  ( f i g .  7 ) ,  which u t i l i z e d  the  known and constant char t  speed and the 
in-hour equation t o  i n t e rp re t  the angle 05' the trace l i n e  as equivalent period 
and r eac t iv i ty .  Use of t h i s  device great:Ly reduced the computationalwork in- 
volved i n  the measurements.) Then the r e a c t i v i t y  w a s  divided by the bank dis-  
placement t o  give the  d i f f e r e n t i a l  rod wo:.-th a t  t h a t  height.  

The period w a s  
( T h i s  was done by use of a "period 

The bank rod worth w a s  measured by t h i s  method f o r  the clean core and f o r  a 
number of poisoned cores. 
poison measurement. 
can be seen i n  f igure  8. 

This gave a check on the  r e s u l t s  of the d is t r ibu ted  
The good agreement between the r e s u l t s  by the two methods 

The measurements by the  distributed-:?oison method indicated a t o t a l  excess 
r e a c t i v i t y  of 1 2 . 0  percent &/k. 
11.5 percent 

The excess r e a c t i v i t y  by the  period method w a s  
&/k, computed by the expre;;sion 

5 



These values indicate  a qff of about 1.135 f o r  the  clean core with rods 
out. 
predicted a Keff of about 1.15 or 1.16 f o r  t h i s  core. The difference i s  be- 

l ieved t o  be due t o  the influence of the  la rge  through-hole, HT-l, on the  re f lec-  
t o r  effectiveness.  

Calculations presented i n  the "Final Hazards Summary" (vol. 1, p. 139)  had 

The t o t a l  bank worth of the three beryllium shim rods w a s  measured t o  be 
5.5 percent &/k by comparison w i t h  the f u e l  shim rods. 

The regulat ing rods were ca l ibra ted  over t h e i r  f u l l  t r a v e l  i n  the clean 
core, the f u l l y  poisoned core, and a "half-poisoned" core. The r e s u l t s  f o r  the 
clean core f o r  one regulating rod are shown i n  figure 9. 
more than 80 cents (0.6 percent 
t h i s  value is  within the  1-dollar maximum worth allowable f o r  these rods. 

The t o t a l  worth w a s  not 
&/k) a t  a l l  heights of t he  f u e l  shim rod bank; 

An addi t ional  measurement w a s  that of "stuck rods." It w a s  shown t h a t  the 
reactor  was s u b c r i t i c a l  w i t h  one f u e l  shim rod fully withdrawn when the other 

the  reactor  w a s  s u b c r i t i c a l  with any three of the f u e l  shim rods inser ted.  
, fuel shim rods were filly inser ted.  Also, with the beryllium shim rods inserted,  

S t a t i s t i c a l  Weight Mapping 

Measurements were made t o  determine the  absolute magnitude and the  dis t r ibu-  
t i o n  among l a t t i c e  locat ions of t he  f u e l  and poison s t a t i s t i c a l w e i g h t s .  This 
w a s  done t o  determine the r e a c t i v i t y  worth of fuel and poison when inser ted a t  
various >oints  in to  the reactor .  The method was t o  measure the  control-rod bank 
height of the fuel shim rods i n  the  clean core with reference loading, and then 
replace one element with a modified element and again measure the bank heights. 
The change i n  bank height thus measured w a s  used t o  compute the  r e a c t i v i t y  worth 
of the change from the  standard element t o  the modified element. Half of the 
l a t t i c e  w a s  mapped i n  t h i s  way, w i t h  a check a t  one locat ion on the  other end t o  
ve r i fy  symmetry. 

The modified element f o r  the  fuel s t a t i s t i c a l  weight mapping w a s  an element 
having 1 4  fueled p la tes  and four unfueled plates ,  but otherwise iden t i ca l  t o  the 
other  elements. 
element with eight  boron s t r i p s  added t o  the element. 
f u e l  loading or boron loading a t  each l a t t i c e  locat ion w a s  known, so t h a t  the 
worth per gram of change i n  loading could be computed. 

The modified element f o r  poison weight mapping was  a standard 
Therefore, t he  change i n  

The r e s u l t s  of these measurements a re  shown i n  table I. The d is t r ibu t ions  
of the s t a t i s t i c a l  weights f o r  f u e l  and poison are normalized t o  a maximum of 
unity.  The average value of the  absolute magnitude is  shown. The removal of 
f u e l  o r  the addition of poison t o  the core introduced negative r eac t iv i ty  f o r  a l l  
cases considered. The measured core average s t a t i s t i c a l  w e i g h t s  agree within 
510 percent wi th  values calculated from a simple modified four-factor analysis.  

6 



Temperature C l 2 e f f  i c i e n t  

The r e a c t i v i t y  temperature coeff ic ient  was measwed over the range 70' t o  
The heating of the system over t h i s  range w a s  accomplished by running 170' F. 

the  primary main pumps while maintaining zero flow i n  the  secondary system. 
gave a nearly constant heating rate of about 10' F per hour, which provided ade- 
quate times t o  perform measurements while heating up. Measurements were a l so  
taken while cooling down, which w a s  accomplished by running the  shutdown main 
pumps, w i t h  in termit tent  flow i n  the shutdown secondary system. 
ing i n  s teps  of about 10' t o  15' F. 
crease i n  temperature. 

This 

T h i s  gave cool- 
Meascrements were taken a f t e r  each s t ep  de- 

The temperature of t he  water i n  the core w a s  determined by two thermocouples 
read out on a mi l l i vo l t  potentiometer. Ore of these .thermocouples w a s  attached 
t o  the source tube a t  a locat ion about 1 f'oot above the  core; the  other w a s  one 
of the sensors i n s t a l l e d  i n  an instruments.tion tube ending about 5 feet  below the 
core. 
&Lo F and temperature changes within S.1" F. 
every 5 minutes throughout 'che test. 

In  t h i s  way it w a s  possible t o  determine moderator temperatures within 
Temperatures were measured about 

The r e a c t i v i t y  changes caused by the temperature increase were found by 
measuring the  c r i t i c a l  bank height a t  d i f f e ren t  temperatures while heating. The 
method used during heating w a s  t o  place the  reactor  s l i g h t l y  supe rc r i t i ca l  a t  a 
given bank height and then allow the  temperature t o  "catch up" with the reactor,  
making it s u b c r i t i c a l  after a time. This made it possible t o  determine the  time 
of c r i t i c a l i t y  within about L L / Z  minute. 
w a s  almost constant after each s t ep  decrease in temperature so t h a t  t he  c r i t i c a l  
height was  determined d i rec t ly .  

During cooling down, the temperature 

Since the  temperature and rod posi t ion were known as functions of time, it 
The rod 

The data 

w a s  possible to determine the rod positio:n as a function of temperature. 
posi t ions were then corrected f o r  expansim ef fec ts  and f o r  a core def lect ion 
effect due t o  the pressure drop across the  core when the pumps were on. 
(corrected rod posi t ion against  temperature) were correlated by a second-order 
polyhomial least-squares fit, giving the  equation 

Y = 0.2006 -t 0.0541 X + 0.1336 X2 ( 4 )  

where 

Y rod posi t ion i n  inches above 15 in .  

X temperature, hundreds of OF 

This equation w a s  d i f fe ren t ia ted  t o  obtain the  change i n  rod posi t ion due t o  a 
change i n  temperature a t  each temperature. 
were taken from the control-rod cal ibrat ions,  giving the temperature coef f ic ien t  
a t  each temperature. 
t o t a l  temperature defect over the range 70' t o  170' F was found t o  be about 
1 dol la r  (0.75 percent These 
values a r e  i n  good agreement w i t h  the va:Lues calcula.ted i n  the  "Final Hazards 
S-ry" ( v o l .  2, p. 8 )  within the accuracy of the measurement. 

The rod .worths a t  each rod posi t ion 

The The temperature coef f ic ien t  i s  p lo t ted  i n  figure 10. 

&/k) by integrat ing the curve of f igure 10. 
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Void Coefficient 

The core void coeff ic ient  f o r  uniformly d is t r ibu ted  voids was measured by 
placing numbers of magnesium s t r i p s  among the  f u e l  elements and measuring the 
c r i t i c a l  bank height f o r  each case. 
was equivalent t o  90 percent void (ref.  5 ) .  
10 void s t r i p s  per element, or up t o  8.15 percent of  core moderator volume 
voided. 
(&/k)/(Av/vmod), and w a s  almost l i nea r  w i t h  void volume over the range measured. 

The assumption w a s  made t h a t  the magnesium 
Measurements were made w i t h  up t o  

The void coef f ic ien t  w a s  determined t o  be approximately -0.25 

The d is t r ibu t ion  of void coef f ic ien t  among elements w a s  mapped i n  a manner 
similar t o  tha t  of the  s t a t i s t i c a l  weight mapping experiments. 
c ien t  ranges from a ma:<imUm of -0 .49 (&/k ) / (~~ /v ,~d)  a t  LC-5 t o  a minimum of 
-0.08(&/k)/(Av/vmd) a t  LD-2. 
t ab le  11. 

The void coeff i -  

The d i s t r ibu t ion  of void coef f ic ien t  is shown i n  

The e f f ec t  of voiding flooded t e s t  holes was measured i n  the clean core. 
Reactivity worths were determined by measurement of the  displacement of the f u e l  
shim c r i t i c a l  bank height. Worths of individual t e s t  holes HT-1 and 2 and HB-1, 
2, and 3 w e r e  measured, and combinations of these were a l s o  measured f o r  possi- 
b l e  in te rac t ion  e f f ec t s .  Voiding introduced negative r e a c t i v i t y  i n  a l l  cases. 
HB-1, 2, and 3 were worth less than -2 cents each; H T - l w a s  worth -61 cents; and 
HT-2 was worth -38 cents.  There was no measurable interact ion between holes. 

These measurements c l ea r ly  indicated the  la rge  r e a c t i v i t y  worth of the  
through-hole f a c i l i t i e s ;  the measurements a l so  ve r i f i ed  the  calculations of the 
"Final Hazards Summary" (vol .  2, p. 1381, which predicted t h a t  voiding any f a c i l -  
i t y  would introduce negative r e a c t i v i t y  t o  the core. 

It w a s  necessary t o  measure the s p a t i a l  d i s t r ibu t ion  of f i s s i o n  power i n  the 

It w a s  a l so  necessary t o  determine 
core, as a function of banked rod posi t ion,  i n  order t o  determine the  reac tor  
heat t ransfer  during operation a t  f u l l  power. 
the absolute magnitude of the thermal flux i n  the core s o  t h a t  t he  low-power in- 
strumentation could be ca l ibra ted  f o r  power l eve l .  Measurements of thermal f lux  
i n  the r e f l ec to r  and tes t  f a c i l i t i e s  were made t o  provide some information on 
what could be expected i n  these regions. 

The discussion that  follows f i rs t  describes the core power-distribution 
measurements, as they were made by a method u t i l i z i n g  a new fission-probe ins t ru-  
ment and by a standard method. 
followed by the  r e f l ec to r  flux-mapping measurements. 

Then the core power-calibration is given, 

Core-Power Distr ibut ion Measurements 

Basically, two methods of mapping the core were avai lable .  One method u t i -  
l i z e d  an automatic f l u x  p l o t t e r  device, which has uranium 235 coated semiconduc- 
to r s  as  sensing elements; the  other consisted of the usual  f o i l  i r r ad ia t ion  and 
counting techniques. 
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The automatic f lux  p l o t t e r  i s  described in  d e t a i l  i n  reference 6. It has 
sca l a r  counters and prin'c-out and monitorin,s equipment i n  a console assembly, 
while the probe instrument i t s e l f  ( f i g .  11) is  placed down on top of the core. 
The probe instrument has Tour probes which 3re driven simultaneously between the 
f u e l  p la tes  of an element. Each probe has 3n i t s  end a semiconductor consisting 
of a s i l i c o n  p-n junction wafer coated with uranium a t  93-percent enrichment. 
low f l u x  l eve l s  the output of each semiconductor is proportional t o  the  f i s s i o n  
flux; the output f o r  each probe i s  automatically pr inted out a t  the console on 
paper tape, along with probe number and v e r t i c a l  posi t ion from the top of the 
Aiel p l a t e s  on which the instrument r e s t s .  
desired, but 1 / 2 -  and 1-inch space in te rva ls  were used f o r  the t e s t s .  
ing channel cycles from one probe t o  another, taking counts f o r  a t ime-interval 
and pausing f o r  an in te rva l ,  while the protes a re  moving. 
va ls  a r e  of adjustable length.  
probe instrument when i n  place i n  the  core.  Note tha t  it can be moved from one 
element t o  another e a s i l y  and quickly. 
elements. 

A t  

Counts can be recorded a t  any spacing 
The count- 

A l l  these time in t e r -  
Figure ll zhows a schenatic representation of the 

However, it does not f i t  i n to  control-rod 

I r r ad ia t ion  measurements u t i l i z e d  gold wires, both bare and cadmium-covered. 
The w i r e s  were 0.50 inch long and 0.030 inch i n  diameter. The cadmium covers 
were made from tubing having 0.020-inch wa:U thickness. 

The w i r e s  were taped t o  Lucite wands, which f i t t e d  between the f u e l  p la tes .  
These wands were about 1 inch wide, 0.080 inch thick,  and when inser ted  extended 
the  length of the  core. The wands were designed t o  hold e i the r  f o i l s  o r  wires, 
with o r  without cadmium covers, spaced as zlosely as 1-inch in te rva ls  i n  e i the r  
d i rec t ion  from the core center l ine.  I n  all cases, except measurements f o r  l o c a l  
peaking e f f ec t s ,  wands were inser ted  nearer the south s ide  of each row than the 
north s ide  because each element has a rrcombr' a t  each end of the f u e l  p la tes  (see 
i n s e r t  i n  f i g .  1 2 ) ,  which prevented the wands from being i n  the  middle of the  
element. 
ment and 2 inches from the  north s ide  i n  a.llmeasurements except those f o r  l o c a l  
peaking e f f ec t s .  

Therefore, the wires were about 1 inch from the south s ide  of an e l e -  

Determination of r e l a t i v e  f l u x  d i s t r ibu t ion  from wire measurements w a s  fa- 
c i l i t a t e d  by an automatic sample counting and changing machine. 
e f fec t ive ly  r e l a t ed  the  be ta  a c t i v i t y  of each i r r ad ia t ed  w i r e  t o  a s ingle  wire 
(from t h a t  i r r ad ia t ion )  used as a monitor f o r  a f ixed number of counts on the  
monitor i n  each case. 
uncer ta in t ies  i n  f l u x  perturbation and other e f f ec t s  a l s o  cancel out when deter- 
mining r e l a t i v e  f l u x  d i s t r ibu t ion .  

This system 

This obviated any need f o r  decay corrections.  Most of the 

Also avai lable  f o r  the  f l u x  measurements were bclral s t r i p s  containing 
1 .1we igh t  percent na tu ra l  boron i n  alumiiium. 
core t o  a t t a i n  any desired c r i t i c a l  bank height f o r  f l u x  measurements. 
60 of these s t r i p s  were su f f i c i en t  t o  poison the core f u l l y .  

These allowed poisoning of the 
About 

Most of the  wire i r r ad ia t ions  were dime a t  a reac tor  power of 300 watts, 

l e s s  t k n  10 w a t t s .  This w a s  the  
which w a s  necessary t o  give good counting s t a t i s t i c s  on the act ivated w i r e s .  
f lux p l o t t e r  w a s  used a t  a reactor  power 

The 



lowest power level that gave acceptable counting statistics for the flux plotter 
and was chosen because of the limited lifetime of the semiconductor detectors in 
an irradiation field. 

Model Used f o r  Synthesis of Power Distribution 

The measurements were designed to produce a representation of the power dis- 
tribution in the reactor core at different times during the reactor cycle. It 
was believed that the flux distributions would be primarily dependent on the 
control-rod bank positions and that power distribution would essentially follow 
the thermal flux distribution. The uniform loading of fuel at a rather low den- 
sity and the low absolute depletion during a cycle justified these assumptions. 
It was decided that the fission probe device gave a very accurate measurement of 
the power distribution in the clean core, especially in regard to the average 
power per element and the vertical flux shape per element. This was used as the 
reference case. Then a simpler model was used to synthesize the power distribu- 
tion in the clean core and in several poisoned cores, and the validity of this 
model was tested by comparison with the reference case. 

For the reference case, all 22 fixed elements in the clean core (rods at 
Several elements in a 15.4 in.) were mapped with the automatic f lux plotter. 

poisoned core (rods at 22.2 in.) were also mapped with the automatic flux 
plotter. 
and 1-inch intervals in the poisoned core. 

Counts were taken on each probe at 1/2-inch intervals in the clean core 

Bare and cadmium-covered gold wires were irradiated ii? the control rod at 
LC-6 to get an accurate estimate of the flux distribution in control rods. 
a number of interelement horizontal traverses were performed to determine the 
local peaking effects of sideplates, control rods, water gaps, and reflectors. 
These were done with bare and cadmium-covered gold wires, and sufficient mapping 
was done to relate any point in an element to the element average. 

Also ,  

The method used to synthesize three-dimensional power distributions through- 
out core life was as follows: 

(1) Bare gold wires were irradiated in the core with critical bank heights 
of 15.4, 18.3, 22.3, and 27.8 inches. 

(2) At each bank height, vertical traverses were performed in elements LB-6 
and LD-6 using wires at 2-inch intervals in each traverse. Also, wires were ir- 
radiated at an elevation of 6 inches below the core cenYerline (-6 in.) in LB-2, 
4, 5, 8, 9, and 10 and in w)-5. Cadmium-covered wires were irradiated in LB-3 
and 7 and LD-7 for additional information. 

(3) It was assumed that the relative vertical flux distribution in all ele- 
ments in the LB row was the same as that in LB-6, that the LD row followed L;D-6, 
and that the LC row (fixed elements) resembled the LB row. 
tal distribution in the east-west direction was assumed to be the sane for all 
rows, and the measurements at -6 inches were used to predict this distribution. 

The relative horizon- 



( 4 )  No measurements were performed i n  the  control.-rod f u e l  sections for the 
For the control  rods, it was assumed that the r e l a t i v e  v e r t i c a l  f l ux  synthesis.  

shape i n  the portion o f  the f u e l  sect ion 0:; LC-6 that w a s  i n  the core had the 
same shape as  the adjacent portion of LB-6. The correct  magnitude was obtained 
from the interelement traverses made i n  the clean core. A l o c a l  peaking e f f ec t  
w a s  superimposed a t  the  top of the  fue l ,  where there  is a metal-water volume in  
the control  rod, using the r e s u l t s  of the clean core measurements. It was as- 
sumed t h a t  the f lux  i n  the  control  rod t a p s e d  off i n  an exponential fashion be- 
low the  core. The horizontal  east-west d i s t r ibu t ion  in  the LB row w a s  used t o  
predict  the fluxes i n  the  other control  r o i s .  

Results 

The power d is t r ibu t ion  synthesized by the model fo r  the clean core showed 
agreement within f5 percent a t  a l l  points with the automatic f lux  p l o t t e r  r e s u l t s  
f o r  the clean core. 
pared w i t h  the  reference case. This was corrected f o r  i n  the heat-transfer 
analysis . 

The synthesized control-rod powers were 5 percent low com- 

Cadmium r a t i o  measurements indicated that the  epicadmium a c t i v i t y  i n  the 
ac t ive  core w a s  from 25  t o  35 percent of the t o t a l  bare gold ac t iv i ty .  The cad- 
m i u m  r a t i o  changed continuously near the top and bottom of each v e r t i c a l  
t raverse ,  so  that  it w a s  d i f f i c u l t  t o  correct  the bare gold traverses t o  subcad- 
mium t raverses .  
normalized t o  core average, agreed with tke normalized bare gold t raverses  within 
about +5 percent a t  a l l  points .  
d i s t r ibu t ions  were approximated by the bare gold d is t r ibu t ions .  

Work performed indicated t h a t  the subcadmium traverses,  when 

Therefore, it w a s  assumed that  the thermal f lux  

The results of these measurements arc: summarized in  tab le  I11 and f igures  1 2  
In  the f igures ,  power i s  given r e l a t i v e  t o  the  core average along the or- t o  18. 

I abscissa. Core center l ine i s  taken t o  be a t  the imaginary horizontal  plane m i d -  
~ way between the  top and bottom of the fueled core. Positions below core center- 
i l i n e  are expressed a s  negative numbers on the abscissa (e .g. ,  -6 i n . ) .  

, dinate,  and posi t ion is given as the distance above the  core center l ine  along the 

I Figure 1 2  shows a t raverse  by the  automatic f l u x  p l o t t e r  i n  element LB-6 f o r  

Note that probe 1, which 
the clean core. The individual probe resizlts are shown. Figure 1 2  a l so  shows 
where the probes are located i n  an elemen-; when in use. 
i n  t h i s  case is c loses t  t o  control-rod LC-6, has a lcwer flux than the  others i n  
the upper pa r t  of t he  t raverse ,  which is adjacent t o  the  p a r t i a l l y  inser ted con- 
t r o l  rod. Probe 3 is nearest  the r e f l ec to r  and shows as an increased f l u x  over 
the whole length of the  t raverse .  

~ 

~ 

Table I11 summarizes the  power distribution among elements f o r  a l l  measure- 
Note the discrepancy between the  .yralues in control  rods by the  two 

Also, the power d is t r ibu t ion  measured by the automatic f l u x  p l o t t e r  i n  
ments. 
methods. 
the poisoned core shows a s l i g h t l y  differl2nt t rend with rod w i t h d r a w a l  than do 
the w i r e  measurements. This trend is  believed t o  be due t o  the f a c t  that the 
bora1 s t r i p s  could not be d is t r ibu ted  uniformly f o r  the f i s s ion  p l o t t e r  measure- 
ment, leading t o  secondary f l u x  perturbation e f f ec t s .  
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Figure 13 shows one of the vertical traverse measurements in control-rod 
LC-6 for the clean core. Figure 14(a) shows the way the model synthesized this 
traverse. Figure 14(b) shows the vertical traverse measurement in element LD-6 
by bare gold and by the automatic flux plotter in the clean core. Note that the 
bare gold values are higher at the top of the core and lower at the bottom than 
are the fission flux values. However, this effect was just the opposite in ele- 
ment LB-6, because the bare gold traverse was closer to the control rod than the 
traverse in LD-6, while the fission probe traverse was relatively the same. 

Figures 14 to 17 show the traverses for LC-6 and LD-6 at each bank height, 
as synthesized by the model. The flux distributions aze very dependent on rod 
position; also, the flux distribution in a control rod is very different than 
that in a fixed element when the rods are inserted. The measurements for the 
case with rods at 27.8 inches show good agreement with the calculations of the 
"Final Hazards Summary" for the rods-out case, as would be expected. 

Quite a few measurements were made on interelement local peaking effects, 
but it is not of interest to discuss them all. Figure 18 shows the thermal flux 
for a traverse across the core at an elevation of 7 inches below the core center- 

fission probes at this level are also shown. 
, line, which elevation is below the control rods. The values obtained from the I 

The measurements allowed construction of the power distribution in the core 
at several times during depletion. The accuracy was estimated to be in the 
neighborhood of S O  percent at each point at a confidence level of 95 percent. 

Approximate Power Calibration 

An approximate power calibration of the core was made early in the test 
series. 
0.005 in. thick) and wires (0.50 in. long by 0.030 in. diu,) were irradiated in 
one run at constant power. The data points included vertical traverses of LB-6 
and LD-6 with foils and wires, respectively, at 1-inch intervals from the core 
cen-berline. The other data points were at 0 and -6 inches from the core center- 
line in the even-numbered locations in the LB and LD rows and the odd-numbered 
locations (fixed elements) in the LC row. 

A total of 74 bare and cadmium-covered gold foils (0.25 in. dim. by 

A number of assumptions were made in determining core power from the meas- 
Lremen-cs. 
plus self-shielding) was the same for wires as for foils. 
foils was 0.86, based on measurements that had previously been performed at the 
critical assembly mentioned on page 4. Second, it was assumed that the horizon- 
tal flux distribution in the core was symmetric about the north-south axis and 
the vertical. flux distributions in fuel sections of shim rods were the same as in 
the fixed elements. Finally, ic was assumed tha.t the thermal flux spectrum in 
the core followed a Maxwellian dis t,ribLi.tion, so that the subcadmium activation 
rate of the detectors was proportional to Maxwellian thermal flux times Maxwel- 
1ian thermal. absorption cross section corrected for temperature. However, the 
2200 m/sec cross section for gold wzs used to derive the 2200 m/sec fluxes; then 
these fluxes were used with the 2200 m/sec cross section for uranim 235 to give 
the specific power. Epicadmium activities calculated from cadmium-covered foils 

First, it was assumed that the flux perturbation effect (depression 
The value used for 



were mult ipl ied by the  value 1.013 t o  cor rec t  fcr epicadmium absorptions i n  the 
cadmium covers. No correct ion was made f o r  leakage of thermal neutrons through 
cadmium covers, because it w a s  calculated that t h i s  leakage w a s  negl igible  f o r  
the  thicknesses involved. 

The f o i l s  and w i r e s  were counted on I %  beta-gamma, coincidence counter and 
then corrected f o r  decay t o  determine absolute act ivi . ty  a t  shutdown of the 
reac tor .  The equation used t o  determine a c t i v i t y  a t  time t af ter  shutdown w a s  
( ref .  7, pp. 320-328) : 

( c 1  - W C ,  - G) 
A ( t )  = I C 3  - (c + 2TC1C,)] (5) 

Prom 'Ghis the  a c t i v i t y  a t  shutdown w a s  determined by the following equation ( r e f .  
8, p .  53): 

f o r  both bare  and cadmium-covered f o i l s  and wires. The thermal f lux w a s  deter-  
mined from equation ( 6 )  by the  equation 

Ab - 1.013 
'th = 60(0.86)oaNT (7) 

where the values 1.013 and 0.86 a r e  the c:orrections mentioned previously. 

Equations (5  ) t o  ( 7  ) allowed determination of the average f l u x  i n  the reac- 
t o r  during the i r rad ia t ion .  To obtain core power from t h i s  f lux,  the  equation 
used w a s  : 

e%afm t h  
A 

p *  = - 

(where A i s  the atomic weight f o r  uranium 235, 235 g/g-mole) which reduces t o  

P(watts)  = 4.82X10'11 MFi (9) 
I 

assuming 196.7 MeV per f i s s i o n  and 1 . 6 0 2 ~ 1 0 ' ~ ~  watt-seconds per MeV, giving an 
expression f o r  power when f l u x  is  given. 

The reac tor  power during the  run w a s  determined by these methods t o  be 
16  w a t t s ,  within a probable e r ro r  of abcut 220 percent.  
brat ion of the low-power instrumentatior., and t h i s  ca l ibra t ion  w a s  used through- 
out the t e s t s .  

This allowed power c a l i -  
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Flux Mapping i n  Core, Reflector,  and Test F a c i l i t i e s  

Bare and cadmium-covered gold w i r e s  and bare dysprosium f o i l s  were used t o  
determine thermal neutron flux i n  the core and the r e f l ec to r .  The gold w i r e s ,  
cadmium covers, and l u c i t e  f l u x  wands used were the ones described previously. 
The dysprosium f o i l s  were 4.8 percent dysprosium and 95.2 percent aluminum of 
0.25-inch diameter and 0.006- or 0.007-inch thickness, and were used pr inc ipa l ly  
for determination of thermal fluxes i n  beryllium L pieces.  
l imi ted  space f o r  detectors,  allowing use of bare gold wires but not cadmium- 
covered wires. ) 

(These pieces have 

In  addition t o  the l u c i t e  wands used i n  the core, aluminum wands were used 
i n  the beryllium R pieces.  
i n to  t h e i r  corners. The aluminum wands were rods of 0.129-inch diameter with 
s l o t s  milled a'c various locations along t h e i r  lengths.  Detector w i r e s  were in- 
se r ted  in-to the s l o t s ,  and the rods were placed in to  the R pieces f o r  i r rad ia-  
Lion. For the L pieces,  the dysprosium f o i l s  and bare gold w i r e s  were taped t o  
the s ides  of the removable center plugs f o r  i r rad ia t ion .  

These pieces have 3/16-inch holes d r i l l e d  v e r t i c a l l y  

For the  tes t  f a c i l i t i e s ,  HT-1 and 2, and HB-1, 2, and 3, spec ia l  devices 
were constructed of l u c i t e  t o  pos i t ion  the detector  materials properly. 
devices consisted of l u c i t e  rods on which movable l u c i t e  wands were mounted l i k e  
spokes on a wheel with the rod being the shaf t .  
place detector  materials a t  any locat ion desired within the  t es t  holes. 

These 

I n  t h i s  way it w a s  possible t o  

The measurements included gold wire i r r ad ia t ions  a t  the  horizontal  midplane 
and a t  4 inches above and 4 inches below the  horizontal  midplane. This w a s  done 
as far as possible  throughout the core and r e f l e c t o r .  
presence of the  horizontal  through-hole HT-1 prevented placement of f o i l s  a t  the 
0- and -4 i n .  elevation i n  the RA and RB rows. ) 
were placed a t  various locations along horizontal  and v e r t i c a l  diameters of each 
hole a-t posi t ions nearest  the core and a t  severa l  posi t ions along the  ax is  of 
each hole.  The irradia-Lions were done with a l l  t e s t  holes f i l l e d  with water. 

( I n  the R r e f l ec to r ,  the 

For the  test  holes,  detectors  

Count r a t e s  on the i r r ad ia t ed  detectors  were determined by the  automatic 
sample counting and changing system described previously, with each detector  
counted against  the moni-tor detector .  
d i r e c t l y  t o  the calculated average flux-per-watt value. The thermal f l u x  per tur-  
bation for the  wires w a s  assumed t o  be the same f o r  the wires whether i r r ad ia t ed  
i n  the core o r  outside the core. 
greater  i n  the r e f l ec to r  than i n  the core.  The e f fec t  of t h i s  assumption w a s  t o  
introduce no e r ro r  i n  calculat ing core power l e v e l  but t o  cause some underesti-  
mate of t rue  thermal flux outside -the core.  

The ac t iva t ion  count r a t e s  were r e l a t e d  

The t rue  perturbation e f f e c t  w a s  probably 

1'; w a s  calculated from the r e s u l t s  of the core-power d i s t r ibu t ion  measure- 
ments that 90 percent of t o t a l  clean core power w a s  generated i n  the  f ixed  f u e l  

elements, s o  t h a t  5 = 5.03X10 6 n/cm2-sec-watt f o r  the  168-gram elements, based 
on equation ( 9 ) .  
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The f lux  4 inches below the core centml ine  (-4 i n .  ) i n  LB-7 was measured 
t o  be 1 .93  times -the core average, so  t h a t  a t  t h i s  location 
n/cm2/sec/watt. The subcadmium a c t i v i t y  at; t h i s  locat ion w a s  measured t o  be 

4 9.60X10 counts per second. Division of the calculated f lux  a s  t h i s  point by the 
a c t i v i t y  measured gave a value 1.01x10 . Tkis fac tor  w a s  used t o  r e l a t e  a l l  sub- 
cadmium act ivat ions i n  and outside the  fue:-ed core t o  t rue  thermal f lux  per wat t .  

@ = 9.71x106 

2 

Some of the r e su l t s  of the measurements a r e  summarized i n  figures 1 9  t o  2 2 .  
Figure 1 9  shows thermal flux per w a t t  a t  the 4-, 0-, and -4-inch elevation from 
the core center l ine going i n  the north-sou.;h direct ion across the core and 
through the r e f l ec to r .  
axes of HB-2, HT-1, and HT-2. 
cross sect ion of the core and re f lec tor  a t  0-inch elevation from the core center- 
l i n e .  

Figures 20 and 2 1  show thermal flux per w a t t  along the 
Figure 22 shows an i s o f l u x  p lo t  f o r  a horizontal  

GAMMA HEATING MEClSUREMENTS 

Measurements of the gamma heating of materials i n  the r e f l ec to r  and i n  the 
v i c i n i t y  of the  t e s t  f a c i l i t i e s  were made using ion chambers and chemical do- 
simeters. 

The ion chambers were constructed of a var ie ty  of  mater ia ls :  aluminum, 

The chambers were designed according t o  the Bragg-Gray theory ( ref .  9, 
s t a in l e s s  s t e e l ,  beryllium, copper, and tantalum. The cavi t ies  were f i l l e d  with 
a i r .  
p. 3 0 ) ,  which s t a t e s  that:  (1) For a verg- small cavi ty  i n  a volume of material, 
the cavi ty  does not a f f e c t  s ign i f icant ly  t,he radiat ion spectrum or in tens i ty ,  and 
( 2 )  the r a t i o  of the  energy diss ipat ion per u n i t  mass of gas t o  that  of the cham- 
ber material equals the r a t i o  of mass stopping power of  the gas t o  t h a t  of the 
chamber material .  It w a s  assumed t h a t  the r a t i o  of the mass stopping powers w a s  
a weak function of the energy spectrum, so t h a t  an average value could be used. 
This yielded the equation 

SM 
Sa ir EM = - Jairwa ir 

The values S M / S , ~  used were as follows ( ref .  9, p .  30): 

Beryllium 

Copper 
Stainless  stc,el  .790 
Tantalum .622 

This r e l a t ion  enabled calculat ion of the chamber current produced per u n i t  inci-  
dent radiat ion f o r  each chamber. The r e s u l t s  of the calculations were ve r i f i ed  
experimentally by ca l ibra t ion  measurements with a cobalt  60 source of known in- 
t e n s i t y  . 
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In  the  reac tor  measurements, dose r a t e s  were measured in rads so  t h a t  no 
correct ions f o r  a i r  equivalence were necessary. Ion chamber currents  were meas- 
ured with electrometers.  Posit ioning of chambers around the core w a s  done with 
simple cable and clamp devices. 

Ferrous s u l f a t e  chemical dosimeters ( re f .  10)  were used t o  give a comparison 
with the ion chamber measurements. The ferrous s u l f a t e  solut ion w a s  con'cained i n  

polystyrene bo t t l e s  about 3 inches i n  length and 1- inches i n  diameter. The 

bo t t l e s  were placed i n  rubber balloons t o  contain any leakage and were posi- 
t ioned by the same device as the  ion chambers. After i r rad ia t ion ,  the o p t i c a l  
densi ty  of the i r r ad ia t ed  solut ion i n  a dosimeter was measured by the use of a 
spectrophotometer. This allowed calculat ion of  the rad ia t ion  dose r a t e  during 
the i r r ad ia t ion  of' the dosimeter. 

1 
4 

The measurements performed included horizontal  t raverses  i n  the  beryllium 
re f l ec to r s  and v e r t i c a l  t raverses  with copper ion chambers i n  posi t ions LA-7 and 
RD-4. Additional measurements were made i n  the water around the core. Most of 
the  measurements were made using the aluminum and copper ion chambers; however, 
i n  severa l  t e s t  posi t ions a l l  the chambers were used. The ion chamber measure- 
m e n t s  were made i n  s ix  runs, each of which included i r r ad ia t ions  a t  reactor  
powers of 10, 50, and 100 watts. Chemical dosimeter measurements were made a t  a 
reac tor  power of 500 w a t t s .  

The chemical dosimeter r e s u l t s  agreed with the ion chamber r e s u l t s  except i n  
the RD row i n  the r e f l ec to r ,  where dose r a t e s  were below the range of accuracy of 
the  chemical dosimeters. 
calculated t o  be about +5 t o  -15 percent.  
cause of the  (n,p)  react ions i n  the  chamber mater ia l . )  Some of the r e s u l t s  are 
shown i n  f igures  2 3  and 2 4 .  
ion chambers, a t  a t o t a l  reactor  power of 60 megawatts, along r e f l e c t o r  l a t t i c e  

The absolute accuracy of the  ion chamber r e s u l t s  w a s  
(The chambers tend t o  "read high" be- 

Figure 2 3  shows the  gamma heating of the  aluminum 

1 
2 row number 4 a t  an elevat ion 7- inches above the core center l ine.  Figure 24  

shows the  v e r t i c a l  t raverses  of LA-7 and RD-4 using the  copper ion chambers. A 
v e r t i c a l  t raverse  w a s  not performed i n  the RA row, but  it is expected t h a t  the 
v e r t i c a l  d i s t r ibu t ion  of the heating would be s imilar  there  t o  t h a t  of LA-7, as 
both are about the same distance from the ac t ive  core. 

The r e s u l t s  indicate  t h a t  the gamma heating a t  the  beginning of a cycle w i l l  
be a max- of about 18 w a t t s  per gram of aluminum a t  -6 inches j u s t  adjacent t o  
the core a t  RA-4, and 1 4  w a t t s  per gram of copper a t  -6 inches i n  the  center  of 
beryllium element LA-7. The gamma energy flux appears t o  be at tenuated ( f i g .  2 3 )  
i n  the beryllium with a relaxat ion length of about 4 t o  5 inches. The gamma 
heating i n  the ac t ive  l a t t i c e  can be expected to be greater ,  possibly twice as 
great  a t  the center  (LC) row as a t  comparable locat ions i n  the  LA row. 
ing r a t e  w i l l  be about the same for each material ,  i n  w a t t s  per gram of mater ia l  

The heat- 

(eq .  (10)). 
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The reactivity characteristics of the reactor in regard to control-rod 
worth, excess reactivity, fuel and poison worbhs, and temperature coefficient 
were measuredJ The thermal neutron flux, gamma heating, and fission power dis- 
tribution in and around the reactor were determined. The measurements verified 
the design calculations of the reactor nuclear parameters; in general, they 
showed the hazards analysis of the reactor had been conservative in the choice of 
values of rod worth, reactivity coefficierts, and fluxes for use in the analysis. 
The measurements also indicated that the reactor core nuclear characteristics 
were acceptable for operation. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, October 3, 1962 
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APPEDJDIX A 
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c3 

EM 
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Jair 

Keff 
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Mi 

NO 

NT 

P' 

SdSair 

T 

t e 
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SYMBOLS 

absolute activity at shutdown, dis integrations / m i n  

absolute activity at time 

bare detector activity at shutdown, disintegrations/min 

cadmium-covered activity at shutdown, disintegrations/min 

beta background, counts/min 

c o inc  idenc e background, counts/min 

beta counts, counts/min 

gamma counts, counts/min 

coincidence counts, counts/min 

energy lost in chamber material, rads/sec 

fast fission factor, assumed to be equal to 1.08 

gamma background, counts/min 

indicated rod bank position, in. of withdrawal 

measured chamber response, amp/cm3 at STP in chamber air 

effective neutron multiplication factor 

excess multiplication factor 

fuel mass, g 

fuel loading per element, g 

6 .023U023 atoms/g-mole 

atoms of gold 

fission rate, fissions/sec 

average ratio of mass stopping power of chamber material to that of air 

reactor period, see 

irradiation time, m i n  

t, disintegrations/min 



w a i t  time, min 

e f fec t ive  moderator void fract ior .  

energy expended i n  producing unit, charge, 2 .8OX1O9 rad-cm3/amp-sec 

delayed neutron f rac t ion ,  group i 

decay probabi l i ty ,  min'l 

decay probabi l i ty  f o r  group 

r eac t iv i ty ,  &/k 

i, see'' 

excess r e a c t i v i t y  over increment i 

t o t a l  excess r e a c t i v i t y  

t o t a l  thermal absorption cross ssc t ion  of clean core, ern 2 , averaged over 
Maxwellian spectrum 

t o t a l  thermal absorption cross sect ion of poison, em 2 , averaged over 
Maxwellian spectrum 

microscopic ac t iva t ion  cross sect ion f o r  gold, cm2/atom, 2200 m/sec 

microscopic f i s s i o n  cross sec t i ca  f o r  uranium 235 ( r e f .  11); 2200 m/see 
value is  5 8 2 ~ 1 0 ' ~ ~  X 0.98 X 0.97 cm2/atom; last  two values a r e  correc- 
t ions  f o r  non-l/v cross sect ion and thermal f l u x  disadvantage f ac to r  

resolving time of coincidence ccunter, min/count 

average thermal flux i n  core, n/'cm2-sec, a t  2200 m/sec 

thermal flux, n/cm 2 -sec, a t  2200 m/sec 

average thermal flux per element;, n/cm2-sec, a t  2200 m/sec 

summation over index i 

mult ipl icat ion over. index i 
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APPENDIX B 

DERIVATION OF EXCESS REACTIVITY EQUATION 

The r e a c t i v i t y  e f f e c t  of inser t ion  of the control  rods w a s  considered t o  be 
a change i n  leakage of neutrons from the  fueled region, t h a t  is ,  a geometric 
buckling e f f ec t .  The e f f e c t  of inser t ion  of the boron s t r i p s  in to  the  f u e l  e le -  
ments w a s  considered t o  be a change i n  thermal u t i l i z a t i o n  i n  the fueled region. 

Thus, f o r  the  c r i t i c a l  core i n  the clean condition, 

where 

nEp conventional four-factor equation ( r e f .  2, p .  216) without the thermal 
1 + M ~ B ~  u t i l i z a t i o n  term 

BZ 

z;5 

C C  clean core cross sect ion 

geometric buckling of clean core 

absorption cross sect ion of f u e l  

Also, f o r  the c r i t i c a l  core with boron s t r i p s ,  

where 

geometric buckling of the  poisoned core (Ei$ is d i f f e ren t  from BZ be- 
cause of rod pos i t ion)  % 

absorption cross sect ion of poison CP 
From equation ( B 2 ) ,  

c + e  E€p -u - 
l + M B p  2 2  ci5 

If the control  rods i n  the clean core are withdrawn t o  the posi t ion of equa- 
t i on  ( B 2 ) ,  equation (Bl) becomes 

20 



If Qff = 1 + K, then 

l And since 
I 

~ 

I 

then 
P P P 
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TABLF: I. - STATISTICAL WEIGHT DISTRIBUTION FOR FUEL AND POISON 

[Fuel! Absolute s t a t i s t i c a l  weight at LB-6, 1.13 cents/g 
uranium 2351 core average, 0.69 cents/g. Poison: 
absolute s t a t i s t i c a l  weight at LB-6, 83.0 cents/g 
natural  boronj core average, 53.0 cents/g.] 

N1 = value for fue l  
N2 = value f o r  poison 

LIB LC LD 
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'I!ABlX 11, - STATISTICAL WEIGHT DISTRIBUTION FOR VOIDS 

[Absolute statistical weight at LC-5, -65.0 cents/ 
percent moderator void; core average, -36.0 
cents/percent . I  

2 

3 

4 

5 

6 

7 

8 

9 

10 
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TABLE 111. - PERCENT POWER GENERATION IN FUEL ELEMENTS 

Fuel- 
element 
number 

LB -2 
LB -3 
LB-4 
LB -5 
LB-6 
L3-7 
LB -8 
LB-9 
LB -10 

LC-3 
LC -5 
LC-7 
LC-9 

LD-2 
LD-3 
LD-4 
LD -5 
LD-6 
LD- 7 
LD-8 
LD-9 
LD-10 

LC -2 
LC -4 
LC-6 
LC-8 
LC -10 

Rods at 
15.4 

i n .  

2.76 
3.81 
4.62 
5.11 
5.16 
4.98 
4.46 
3.55 
2.73 

3.64 
4.86 
4.74 
3.37 

2.62 
3.60 
4.37 
4.83 
4.88 
4.72 
4.21 
3.35 
2.58 

1.53 
2.56 
2.87 
2.48 
1.52 

Gold data 
(4 

Rods a t  
18.3 

i n .  

2.86 
3.79 
4.50 
4.90 
5.01 
4.87 
4.39 
3.54 
2.63 

3.62 
4.64 
4.61 
3.37 

2.83 
3.74 
4.44 
4.81 
4.95 
4.78 
4.30 
3.48 
2.58 

1.70 
2.66 
2.97 
2.58 
1.56 

-- 
Rods a t  
22 .:3 
i n .  

2.83 
3.86 
4.62 
4.67 
4.24 
4.72 
4. ?I1 
3 .?12 
2.68 

3. ($9 
4 45 
4.50 
3 .:17 

2.16 
3.94 
4.58 
4.62 
4.87 
4.67 
4.26 
3.27 
2.63 

1,82 
3 ..oo 
3,20 
2 -80 
1.75 -- 

Rods at 
27.8 
i n .  

2.77 
3.93 
4.56 
4.64 
4.80 
4.66 
4.19 
3.32 
2.65 

3.74 
4.42 
4.44 
3.15 

2.73 
3.87 
4.48 
4.58 
4.74 
4.60 
4 -13 
3.28 
2.58 

2.01 
3.32 
3.48 
3.03 
1.91 

Fission probe da ta  
(b ) 

Rods a t  
15.4 

i n .  

2.83 
3.75 
4.57 
5.04 
5.17 
5.03 
4.43 
3.63 
2.68 

3.52 
4.73 
4.58 
3.31 

2.68 
3.65 
4.41 
4.88 
4.85 
4.69 
4.14 
3.39 
2.52 

1.65 
2.71 
3.04 
2.56 
1.55 

Rods a t  
22.2 
i n .  

2.96 
3.75 
4.39 
5.05 
5.28 
5.14 
4.28 
3.35 
2.59 

3.68 
4.83 
4.92 
3.20 

2.74 
3.48 
4.07 
4.69 
4.89 
4.77 
3.97 
3 .ll 
2.40 

1.89 
2.81 
3.38 
2.74 
1.66 

%ynthesized from bare gold i :?radiations.  
bReference case; constructed from fission-probe t raverses  

i n  f ixed  elements and w i r e  i r r ad ia t ions  i n  control-rod 
LC-6 
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Beryllium element 
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Figure 3. .- Minimum critica.1 core. 
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6 10 14 18 22 26 30 
I n d i c a t e d  banked rod  p o s i t i o n  a t  

c r i t i c a l i t y ,  i n .  

F i g u r e  6 .  - R e a c t i v i t y  p l o t t e d  a g a i n s t  c r i t -  
i c a l  bank posi’; ion.  
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Figure 7. - Period protractor constructed of clear print 
trace for rod bump-period measurements. 

attached to Lucite, used to determine reactivity from 
log N 
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Figure 8 .  - Dif fe ren t i a l  worth p l o t t e d  aga ins t  bank pos i t i on .  
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-Drive mechanism, 
/‘ posit ioner,  and 

leads 

,, ,- Grid above R-lat t ice  
. &  I 

5-1  
( - 2 ”  ’+ 

,, / E z - i E q  i I J  

Figlire 11. - Solid-s ta te  f i s s ion  probe instrument (ref. 6 ) .  
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H o r i z o n t a l  p o s i t i o n  

F igu re  1 9 .  - Thermal f l u x  d i s t r i b u t i o n ,  n o r t h  t o  sou th ,  
c o r e  and r e f l e c t o r .  
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F i g u r e  20. - Thermal f l u x  a long  a x i s  of HB-2. 
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F i z u r e  22. - I s o f l u x  plot, c o r e  and r e f l e c t o r ,  at 
c e n t e r l i n e  e l e v a t i o n .  Thermal f l u x  p e r  watt, 

-6 
C p X l O  . 
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-RA-RB-RC-RD- 
H o r i z o n t a l  p o s i t i o n  

F i g u r e  23. - Gamma h e a t i n g  a long  
r e f l e c t o r  l a t t i c e  row number 4 .  

E l e v a t i o n  7p i n c h e s  above co re  
c e n t e r l i n e .  
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